
Recurring velocity peaks with a frequency of 8—10 Hz are a
common and prominent feature of slow finger movements in
healthy humans (Vallbo & Wessberg, 1993), and it has been
demonstrated that surface EMG and motor unit discharges
from the common finger extensor muscle are correlated with
angular acceleration at 8—10 Hz, suggesting a widespread
correlation of motor units both in agonist and antagonist
muscles (Wessberg & Vallbo, 1996; Wessberg & Kakuda,
1999). As a hypothesis, it has been proposed that this
reflects the organization of motor output for voluntary slow
movements in man, namely that such movements are
executed in a pulsatile fashion, with a rhythmic modulation
alternating between 8 and 10 Hz of the descending motor
command to the agonist and antagonist muscles. However,
comparable data are lacking for movements in joints where
the limb has larger inertia than the fingers.

The properties of common inputs to the motoneurone pools in
man have been investigated by the method of simultaneous
recording of the activity of pairs of motor units, and
statistical analysis of cross-correlation in the time domain
(Kirkwood & Sears, 1991). The presence of rhythmic

components in such common inputs has been revealed by
Fourier-based frequency-domain analyses during isometric
contraction (Rosenberg et al. 1989; Farmer et al. 1993), and
during position holding, when the finger or wrist exhibits
physiological tremor (Elble & Randall, 1976; Halliday et al.
1995).

The purpose of the present study was to investigate if
agonist motor units are correlated during voluntary wrist
movements, and to compare correlation during movements
to that during steady position holding. Using fine wire
electrodes, pairs of motor units were recorded, and a
Fourier-based frequency-domain analysis was used to study
the common rhythmic components of motor unit correlation
during movements and position holding. It will be shown
that the activity of pairs of motor units was correlated
during movements, particularly at 6—12 Hz, and that
correlation decreased or disappeared during steady
contraction during position holding. A preliminary report of
some of this work has been published in abstract form
(Kakuda & Nagaoka, 1996).
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1. The activity of 36 pairs of single motor units were recorded with intramuscular wire
electrodes from m. extensor carpi radialis while subjects performed slow wrist extension and
flexion movements. Periods of steady position holding were interposed between movements.

2. The discharge trains from pairs of motor units were analysed statistically in the time and
frequency domains. During extension movements, when the muscle recorded from was the
agonist, coherence between motor units was significant below 12 Hz, with a peak at
6—12 Hz in 30 of 36 pairs (83%). The magnitude of coherence decreased during position
holding compared to movements in 26 pairs, while the difference in average firing rate was
small.

3. During movements, but not during position holding, coherence estimates between single
motor units and acceleration showed a significant peak at 6—12 Hz in 56 out of 62 motor
units, suggesting that a modulation of motor unit discharge contributed to angular
acceleration at these frequencies. Common motor unit modulation was present at 3 Hz as
well, although the coupling between motor unit activity was weaker than at 6—12 Hz.

4. It is concluded that a 6—12 Hz common modulation of agonist motor units is a
distinguishing feature of slow voluntary wrist movements, extending the previously
established notion of an 8—10 Hz rhythmic organization of slow finger movements to more
proximal limb segments. It is suggested that the 6—12 Hz input is specific for movements
and is normally absent or much weaker during steady maintenance of position or force.
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METHODS

Subjects

Twelve experiments were performed on 11 healthy volunteers, four
males and seven females, aged 22—45 years. All subjects, except
one, were right-handed. They were medical professionals at the
National Rehabilitation Centre for the Disabled, Tokorozawa, Japan
and gave informed consent according to the Declaration of Helsinki.
The study was approved by the ethical committee at the same
institute.

Experimental set-up

The subjects sat comfortably in a reclining chair, with the left
forearm supported on a platform, and the wrist clamped in mid-
position between supination and pronation. The hand was fixed to a
manipulandum that limited movement at the wrist joint to
flexion—extension. The weight of the manipulandum was 250 g. It
was connected to a servo-controlled torque motor that produced a
constant torque load. Transducers of the servo system provided
continuous measurement of joint angle, velocity, acceleration, and
torque. All movements were performed in an isotonic condition
with zero or low torque (0—0·1 N m) opposing wrist extension. A
computer screen in front of the subject provided visual feedback to
the subject. The upper vertical line indicated the desired position,
and the lower line showed the subject’s actual performance.

Surface electromyography (EMG) was recorded with two electrodes
placed over the muscle belly of m. extensor carpi radialis brevis,
which was located by palpation and surface electrical stimulation.
Intramuscular EMG was recorded with flexible wire electrodes.
Two strands of wires were inserted into a 27-gauge injection needle.
The wires were cut at straight angles with a sharp wire cutter, and
the distal 2—3 mm of the wires were bent over the tip of the
injection needle. The muscle was impaled with two needles at a
distance of several millimetres, close to the motor point as revealed
by surface electrical stimulation. The needles were removed, and
each pair of wires was adjusted by hand in small steps until the
activity of two motor units could be recorded simultaneously with
the two pairs of wires. Recruitment threshold was defined as the
joint torque at which a motor unit consistently started to discharge
steadily during slowly increasing voluntary contractions.

The kinematic signals were sampled at 400 Hz. Surface EMG was
filtered at 1·6—800 Hz and sampled at 1600 Hz. It was digitally
rectified and low-pass filtered off-line (moving average with a
triangular weighting function over successive 30 bins; −6 dB cut-
off at 44 Hz). Intramuscular signals were sampled at 6·4 kHz using
the SCÏZOOM system (Department of Physiology, Ume�a University,
Sweden). Discrimination of single motor units was achieved on-line
with a digital time—frequency window algorithm originally
developed for the discrimination of single unit nerve discharges in
microneurography recordings (Edin et al. 1988). This procedure
was repeated off-line using the ZOOMÏSC system. Each recorded
motor unit discharge was inspected on an expanded time scale, and
the invariance of the shape and regularity of firing was confirmed.
Files of spike times were generated from the motor unit spike trains
to allow them to be considered point processes.

Experimental protocol

The main experimental task comprised a wrist extension—flexion
movement under direct visual tracking. A single trial consisted of
five phases, as indicated by the command signal in Fig. 1: a
position-holding phase, an extension movement of 15 deg
amplitude with 5 deg s¢ overall velocity, position holding at the
extended joint position for 5 s, a flexion movement with the same
speed back to the starting position, and a final position-holding

phase. Subjects were urged to make the movements with maximum
precision and smoothness. Movements were made around a straight
wrist position, corresponding to a joint angle of 180 deg.

Because the subjects’ execution of the task in many cases was
slightly delayed with respect to the movements of the visual target
(see Fig. 1), a number of criteria based on joint angular velocity
were used during analysis to further define periods of movement
and position holding: the periods of movement were defined as the
period during the movement of the visual target where joint
angular velocity steadily remained above or below zero. Hence,
start and end points were defined as the zero crossings of the
velocity limiting this period. The starting point for periods of
position holding was defined as the point after the target had
stopped moving and joint position remained steady. Small
symmetrical deviations around the steady position were allowed,
with peak velocity of no more than 1 deg s¢. The end point was
when the target again started to move. In Fig. 1, the selection
periods are indicated by the bars denoted as M and PH.

Data analysis

All recorded data for ongoing extension movements where two
single motor units were successfully recorded simultaneously were
combined for the statistical analyses. Data recorded for the same
units during periods of position holding in the extended joint
position were similarly combined. For the analysis, spike trains of
individual motor units were regarded as realisations of stationary
stochastic point processes, and the association between the two
motor units was analysed by estimating the cross-intensity function
and the sample coherence. Kinematic signals and rectified surface
EMG were regarded as realisations of stationary time series, and
were similarly analysed in the time and frequency domains (Bendat
& Piersol, 1986; Rosenberg et al. 1989; Halliday et al. 1995).

The cross-intensity function for the time-domain association
between two spike trains was obtained from the cross-correlation
histogram, estimated for up to 100 ms on either side of the
reference spike, according to the procedure described by Brillinger
(1976) and Farmer et al. (1993). The cross-intensity function is
proportional to the probability of a discharge from one motor unit
spike train occurring in a particular time interval relative to the
occurrence of a reference spike from the other train. The size of any
peak around time zero was expressed as the index denoted by EÏM,
where M is the mean counts per bin in the control region from up to
50 ms preceding the central peak, and E is the number of counts in
the peak above the expected count by chance. This index is
sensitive to bin width but not to peak shape or duration (Harrison
et al. 1991) and was here used for comparison of the strength of
motor unit synchronization between movement and position-
holding phases. The duration of the peak was defined by the time
interval between inflections of the cumulative sum (cusum)
constructed from the cross-correlation histogram (Davey et al.
1986).

The methods for frequency-domain analysis have been described in
detail by Rosenberg et al. (1989), Farmer et al. (1993) and Halliday
et al. (1995). Selected data were divided into disjoint (non-
overlapping) sections of 1·28 s duration. No tapering or weighting
function was used. Spike trains and time series data from each
disjoint section were Fourier-transformed, giving a frequency
resolution of 0·78 Hz. Auto- and cross-spectra were estimated by
averaging over the disjoint sections, and coherence estimates for
two jointly recorded signals were computed. The sample coherence
indicates the degree of linear correlation in the frequency domain
between two signals on a scale from zero to one. The statistical
analysis of coherence estimates is described in Rosenberg et al.
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(1989). A statistically significant coherence indicates that the two
signals are linearly coupled above chance level at a particular
frequency. Cross-covariance functions between two jointly recorded
signals were obtained by inverse Fourier transform of the cross-
spectra, complementing the cross-intensity function for investigating
the time relation between two signals (Bendat & Piersol, 1986). In
order to facilitate comparisons, the sampling rate of the kinematic
signals, 400 Hz, was used in all analyses. This is equivalent to a
2·5 ms bin width; this temporal resolution was deemed sufficient for
the analyses made in the present study.

To compare the sample coherence from the same signals in two
different conditions, tanh¢|RA|−tanh¢|RB| was calculated, where
|RA| and |RB| are the estimates of the absolute coherency, equivalent
to the square roots of the sample coherence estimates in each
condition (Rosenberg et al. 1989). In the present study, this method
was used to compare the magnitude of coherence of the same motor
unit pair during periods of movement and position holding.

Two complementary approaches were used to investigate the time
relation between motor unit activity and related kinematic signals.
In the frequency domain, phase spectra were derived from the
cross-spectra, and a straight line was fitted to the phase curve over
the region of frequencies where the coherence was significant. The
delay between the two signals was calculated from the slope of this

line (Rosenberg et al. 1989; Halliday et al. 1995). In the time
domain, time delay was estimated from the main deflection in the
cross-covariance functions.

A 95% confidence limit was used for all statistical analyses.

RESULTS

Motor unit recordings

Figure 1 shows the record of a sample trial. Joint position is
shown along with joint angular velocity and acceleration.
During the movements, recurring peaks in the angular
velocity and acceleration records can be seen. Such
oscillations also occur during phases of position holding, but
generally with much lower amplitude. Figure 1 also shows
the intramuscular recordings of two single motor units,
along with surface EMG. The two motor units exhibit a
similar firing pattern, which was a consistent finding for all
movements and recorded motor units pairs: units were
recruited early during the extension movements, discharge
continued during the position-holding phase when the hand
was held in an extended wrist position, and firing stopped
roughly mid-way through the flexion movement phase.
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Figure 1. Raw single motor units and kinematic data recorded during ramp-and-hold wrist

extension

A sample trial of a slow wrist extension—flexion movement acquired by direct visual tracking. Records
from above: command signal and joint angle, angular velocity (Vel.), acceleration (Acc.), intramuscular
recordings of two motor units (MU0 and MU1), the corresponding instantaneous firing rates of the motor
units (Inst. frq.), and rectified surface EMG from m. extensor carpi radialis. Horizontal bars indicate
periods of movement (M) and position holding (PH) data selected for statistical analyses.



In total, recordings from 36 motor unit pairs were obtained.
In a few cases, the same reference motor unit could be held
while more than one other motor unit was retrieved with
the other intramuscular wire. In total, 62 individual motor
units were recorded. All motor units were recruited early
during slowly increasing voluntary isometric contractions.
For 28 motor units, the recruitment thresholds were
0·006—0·15 N m (median 0·03 N m), corresponding to less
than 1·5% of the torque at maximum voluntary contraction
(median). Even though the recruitment threshold was not
reliably measured for the other motor units, they showed
similar discharge patterns during movement under isotonic
conditions. Hence, all units were tentatively classified as
low-threshold, slow twitch-type units.

The number of movement trials recorded for a motor unit
pair ranged from 10 to 134 (mean 35). All units showed a
uniform firing pattern during the slow extension—flexion
movement trials, similar to the sample units in Fig. 1. There
often was a small increase in motor unit firing rate over the
first few discharges after recruitment, without any
consistent change in overall firing rate thereafter. This is
similar to what has previously been reported for finger
muscle motor units during slow movements (Wessberg &
Kakuda, 1999). The average of the mean firing rates over
the part of the movement where each unit was active during
extension movements was 13·5 Hz (range 9·5—18·5 Hz).

During steady position holding in the extended wrist
position, average firing rate was 11·5 Hz (range 7·7—16·3 Hz).
Average number of recorded spikes for each unit was 1183
(range 342—4873) during extension movements and 1210
(range 334—5200) during position holding. During flexion
movements, units usually stopped firing similarly to the
units in Fig. 1, and flexion movements were not analysed in
the present study.

Common modulation of motor unit pairs during

movement and position holding

Figure 2 shows the frequency- and time-domain analyses of
the spike trains from all recorded wrist extension movements
(112 movements) for the same motor unit pair as in Fig. 1.
Figure 2A and B shows the auto-spectral density function
estimates for the first and second motor unit, respectively.
There is a broad peak around 15 Hz in each estimate. This
corresponds to the mean firing rates for the two units, which
were 14·3 and 14·7 Hz. Figure 2C shows the coherence
function estimate between the motor units. There is a
notable peak at 10 Hz, indicating a common modulation of
the firing of the two units. In addition, there is significant
coherence at lower frequency, possibly with a peak around
4 Hz. Hence, common modulation occurred at frequencies
well away from the average firing rates of both motor units,
reflecting one or more common inputs to the motoneurones.
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Figure 2. Frequency- and time-domain analyses on the spike trains of a motor unit pair during

the extension phase of movement

Statistical analysis of coupling between motor unit activity for a database of 112 movements performed as
in Fig. 1. A and B show logarithmic auto-spectral density function estimates for each motor unit. Peaks
around 15 Hz correspond to the average firing rate of the two units. C shows the estimated coherence
between the motor units, revealing a strong coupling of activity at 10 Hz, as well as coupling around 4 Hz.
D shows the square root of the cross-intensity function, with an 10 ms wide peak around lag time zero.
Horizontal dotted lines indicate the approximate 95% confidence limits.



Figure 2D shows the square root of the cross-intensity
function estimate. This shows a narrow peak close to time
zero, with a duration of about 10 ms. Hence, common
modulation was near-synchronous in the two motor units.

Figure 3 shows the same analyses as in Fig. 2 for the same
motor unit pair when the wrist was held in an extended joint
position between movements. Auto-spectral density function
estimates of individual motor units show a peak at around
12 Hz (Fig. 3A and B), corresponding to a discharge rate of
11·7 Hz in both units. This is only slightly lower than the
discharge rate during movements. In contrast, the estimated
coherence in Fig. 3C shows no sign of any peak at 10 Hz,
with coherence around 4 Hz showing a modest decrease.
The size and duration of a central peak in the square root of
the cross-intensity function (Fig. 3D) during position
holding are similar to those during movements (Fig. 2D).

In Fig. 4A and B, a direct comparison of the coherence
estimates for the same motor unit pair for extension
movements (Fig. 2C) and position holding (Fig. 3C) has been
made. In Fig. 4A the coherence estimates have been
superimposed (coherence during movements in a heavy line),
highlighting the disappearance of the peak around 10 Hz
during position holding. Figure 4B shows the corresponding
statistical analysis, the curve shows tanh¢|RA|−tanh¢|RB|,
where |RA| and |RB| are the square roots of the coherence
estimates from movement and position holding, respectively.
The 95% confidence limits are indicated, showing that the
large change in coherence around 10 Hz is strongly
significant. However, there is a significant reduction of

coherence around 4 Hz as well, although the change in
magnitude is not as large.

In the 36 motor unit pairs analysed, a significant peak in
the 6—12 Hz range in the coherence was present in 30 pairs
(83%) during extension movement. The magnitude of this
peak was significantly reduced in 26Ï30 pairs (87%) during
position holding. The pattern of coherence for the whole
sample is indicated in Fig. 4C, which shows the percentage
of pairs exhibiting significant (P < 0·05) coherence at each
frequency during movement (heavy line) and during
position holding (thin line). Figure 4D shows the percentage
of pairs showing a significant difference in the coherency
estimates (tanh¢|RA|−tanh¢|RB|). There is a broad band of
increased coherence from 2 to 12 Hz. Hence, from Figs 2—4,
it may be concluded that the correlation of motor unit pairs
increased in the 2—12 Hz range during voluntary slow
movement at the wrist joint compared to steady position
holding in the extended wrist position.

However, it can be suggested that the coherence in the 2—4
and 6—12 Hz ranges have different properties, or by
extension, different origins. Notably, the magnitude of any
change in coherence is not indicated by the summary in
Fig. 4D, and the magnitude of the change of coherence, as
shown for the sample pair in Fig. 4B, was strongest in the
6—12 Hz range. In addition, there is a notch at 5 Hz in the
graph of Fig. 4D, suggesting a bimodal spectrum with
separate components above and below 5 Hz. Further
arguments for different origins for the 2—4 and 6—12 Hz
coherence between motor units will be discussed below.
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Figure 3. Frequency- and time-domain analyses on the spike trains of a motor unit pair during

position holding

Statistical signal analysis of the inter-movements position holding phase of the same 112 trials as in Fig. 2.
A—D as in Fig. 2. Coherence at 10 Hz disappears during position holding.



A 16—32 Hz component in the coherence, first reported by
Farmer et al. (1993), was present in 32 pairs (80%) in the
present study during movement and position holding.
However, this component was weak and scattered over a
wide range of frequencies among different pairs so that it is
not obvious in the summary graph of Fig. 4C. On the other
hand, it can be noted in Fig. 4D that most points between
16 and 32 Hz are below zero, suggesting that the coherence
between 16 and 32 Hz was stronger during position holding
than during movement. In Fig. 4D, a small peak may be
noted at 40—45 Hz as well. However, this component is very
weak and not significant in Fig. 4A and C.

The peaks close to time zero in the square root of the cross-
intensity function remained unchanged between movement
and position holding. A significant peak was observed in 29
pairs (73%) during both movement and position holding.
The size (EÏM, see Methods) of the peak during extension
movements was 7·7 ± 1·9 (mean ± s.d.) compared to
7·8 ± 1·7 during position holding. The duration of peak was
11·9 ± 3·8 ms (mean ± s.d.) during movements compared
to 12·4 ± 3·4 ms during position holding. These
differences were non-significant (Student’s paired t test,
P > 0·05).

Correlated motor unit discharges contribute to

angular acceleration

Angular acceleration varied around zero during position
holding and movement (Fig. 1). The acceleration records
from movements and phases of position holding were used
as quasi-stationary time series to characterise the frequency
content of the kinematics.

Figure 5 shows the frequency-domain analysis of coupling
between motor unit activity and acceleration. The data base
used for the analysis is the same as used in Figs 2 and 3, and
for the sample record in Fig. 1. The logarithmic auto-
spectral density function estimate of acceleration during
extension movements is shown in Fig. 5A. There is a
dominant component at 3 Hz, and a small deflection at
10 Hz. Coherence estimates between single motor unit
activity and acceleration are shown in Fig. 5B and C. Both
show a prominent peak around 10 Hz, and a smaller peak
around 3 Hz. This corresponds to the peaks in the coherence
between the motor units (Fig. 2C), suggesting that
correlated motor unit discharges contributed to angular
acceleration at these frequencies. As for inter-motor unit
coherence, the presence of two separate peaks in the
coherence between 1 and 12 Hz in Fig. 5B and C again
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Figure 4. Comparison of coherence estimates of the same motor unit pairs between movement

and position holding

In A the coherence estimates from the same motor unit pair as in Figs 2 and 3 have been superimposed. A
heavy line indicates movement and a thin line position holding. In B the difference of the transformed
square root of the coherence (tanh¢|RA|−tanh¢|RB|) has been plotted. A positive deflection indicates that
coherence was greater in magnitude during movement. Horizontal dotted lines indicate the 95% confidence
limits. In C and D the same analysis for 36 motor unit pairs has been summarised. In C the percentage of
motor unit pairs showing a significant coherence at each frequency is indicated (P < 0·05, heavy line for
movement and thin line for position holding). In D percentage of motor unit pairs showing a significant
difference (tanh¢|RA|−tanh¢|RB|) at each frequency is shown.



suggests that there are two separate mechanisms contributing
to coherence in this frequency range.

Figure 5D—F shows the same analyses as in Fig. 5A—C but
for the position-holding phase. The auto-spectrum of
acceleration in Fig. 5D features a broad peak between 2 and
10 Hz, but due to the logarithmic scale, the power of the
peak is considerably lower than the corresponding auto-
spectrum for movements (Fig. 5A). In the coherence
estimates between the single motor units and angular
acceleration (Fig. 5E and F), only a very small peak can be
seen at approximately 5—8 Hz. Because the contribution of
motor unit discharge to acceleration is small, it is probable
that the observed 5—8 Hz peak in the acceleration spectrum
largely represents the purely mechanical oscillation close to
the mechanical resonant frequency, which is weakly driven
by muscle activation (Stiles & Randall, 1967; Stiles 1983;
Lakie et al. 1986a,b).

The frequency content of angular acceleration was similar in
all subjects. For the 62 motor units, coherence estimates
showed a significant peak at 6—12 Hz in 56 motor units
(90%) during movements, and this peak decreased in
amplitude during position holding in 51 units.

Estimation of time delay between motor unit activity

and acceleration

After confirming a significant coupling between motor unit
activity and acceleration (Fig. 5), the time relationship
between these two signals was assessed. For these analyses,
two complementary approaches were used. First, delay was
estimated in the time domain from the location of the main
deflection in the cross-covariance function. Second, delay
was estimated from the phase spectrum obtained with the
coherence analysis by fitting a straight line to the phase
curve by weighted linear regression over the part of the
spectrum where coherence is significant (Halliday et al.
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Figure 5. Angular acceleration and the relation with single motor units

Analysis of coupling between motor units and acceleration for the same database as in previous figures.
Extension movements are shown in A—C, position holding in D—F. From above, logarithmic auto-spectral
density function estimates of angular acceleration (A, D), coherence estimates between the first (B, E;
Coherence acc-MU0) and the second (C, F; Coherence acc-MU1) motor unit and acceleration. Horizontal
lines indicate the approximate 95% confidence limits.



1995; also illustrated in Wessberg & Kakuda, 1999).
During movements, the average time delay measured in 48
motor units from the cross-covariance function was 65 ±
13 ms (mean ± s.d.). Delay measured from phase estimates
in the same units was 73 ± 16 ms (mean ± s.d.). During
position holding, for the 34 motor units where the delay
measurements could be made, delay measured from the
cross-covariance function was 45·9 ± 8·3 ms (mean ± s.d.),
and from phase estimates 45·3 ± 10·6 ms (mean ± s.d.).
Hence, the average delay was somewhat shorter during
position holding compared to movements. A tentative
reason can be found in the complex biomechanics of the
wrist joint, which will be discussed below (Lakie et al.
1986b).

DISCUSSION

The main finding of this study was that discharges of pairs
of motor units were correlated at 2—12 Hz during voluntary
slow movement of the wrist joint. In particular, prominent
coherence at 6—12 Hz was seen in 83% of the pairs.

Modulation of motor output during slow movements in man
has previously been described principally for slow finger
movements, where a pulsatile modulation of muscle activity
occurs at 8—10 Hz. As a hypothesis, it has been suggested
that this represents a pulsatile modulation of the motor
command to the muscles (Vallbo & Wessberg, 1993;
Wessberg & Vallbo, 1996). The findings in the present study
extend the observation of coherent motor unit modulation
below 12 Hz to hand movements, and furthermore expand
on the previous descriptions in several important ways.
First, the biomechanics of the wrist are different from the
fingers, so that the motor unit correlation at 6—12 Hz
occurred in spite of the circa 3 Hz oscillations of the moving
limb. Second, the recording of pairs of motor units rather
than surface EMG or single motor units enabled a direct
analysis of common inputs to motoneurones. Third, it was
shown that motor unit coherence decreased or disappeared
during position holding, indicating that common 6—12 Hz
motor unit modulation occurred specifically during
movements.

Biomechanics of the wrist

The hand has considerably larger inertia than a finger. The
biomechanical consequences are that movements at the wrist
exhibit mechanical resonance at a much lower frequency,
and that limb acceleration will fail to follow variations in
muscle activation already at fairly low frequency compared
to the fingers.

Mechanical resonance of the relaxed wrist without any
external load has been reported to occur at 8—10 Hz (Stiles
& Randall, 1967; Stiles, 1983; Lakie et al. 1986a). However,
this may not be true for the moving limb, because the
measured resonance is strongly dependent on the amplitude
of displacements of the hand, and the apparent resonance
may decrease down to 2 Hz if strong perturbations are used

when assessing resonance (Lakie et al. 1986b). In the present
study, the hand was loaded with an additional 250 g by the
attached manipulandum, which should further lower the
resonant frequency. During position holding, the spectrum
of oscillation showed a peak around 5—8 Hz. Because the
contribution of motor unit discharge to angular acceleration
was found to be very small during position holding, this
peak may be taken as the mechanical resonant frequency
under steady contraction. During movement, average
amplitudes of oscillations, as seen in velocity or acceleration
records, increased by more than 10-fold, and the resonant
frequency could be expected to decrease. This fits with the
observed peaks in the acceleration spectra around 3 Hz in
most subjects, although motor unit activity significantly
contributed to this peak as well, as will be discussed below.

One further consequence of the larger inertia of the wrist
than the fingers is the long electro-mechanical delay from
motor unit activity to peak acceleration reported in the
present study, about 70 ms during movement and 45 ms
during position holding. The delay during position holding
is compatible to the contraction time of human single motor
units from the same muscle (30—80 ms), measured by spike-
triggered averaging of the torque during weak isometric
contraction (Schmied et al. 1994). (The comparable delay for
fingers is about 20 ms during movements.)

The main circa 3 Hz oscillations of the moving wrist
occurred well below the prominent 6—12 Hz coherence of
motor unit pairs, which in turn was reflected in the
acceleration spectra only as a small positive deflection.
Hence, in contrast to the 8—10 Hz discontinuities in finger
movements, the principal 6—12 Hz motor unit modulation
was mechanically uncoupled from the main oscillations of
the limb. This has consequences for the possible mechanisms
underlying the common motor unit modulation, discussed
next.

Two different mechanisms for common modulation of

motor units?

Observation of the activity of pairs of motor units rather
than surface EMG or single motor units enables a direct
analysis of common inputs to a pair of motoneurones
(Bremner et al. 1991; Kirkwood & Sears, 1991; Farmer et al.
1993; Gibbs et al. 1995). In the present study, correlation
between pairs of motor units was demonstrated both in the
time and frequency domain. The notion that such
correlations reflect a common input to the motoneurone pool
can be further corroborated by calculation of partial
coherence using surface EMG as a predictor (Halliday et al.
1995). For the data in the present study, such analyses show
a significant reduction of partial coherence, indicating that
the observed common modulation in each pair is shared in
large part by the whole population of motor units
contributing to the surface EMG (N. Kakuda & M. Nagaoka,
unpublished observations). Hence, a rhythmic modulation of
some input to a large proportion of the active motoneurones
is implied. In principle, the source of this input may be
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entirely within the central nervous system, or the periphery
may be involved as well.

In this context it is important to note that several
observations indicate that common modulation below and
above 5 Hz may have different origins. First, the 6—12 Hz
component was stronger than the 2—4 Hz in most motor
unit pairs. Second, the 6—12 Hz component was more
prominently reduced when switching to steady contraction
during position holding. Third, the coherence function
between motor unit activity and acceleration during
movements often was bimodal, with maxima below and
above 5 Hz. Hence, we suggest that different mechanisms
need to be considered for the 2—4 and 6—12 Hz common
modulation.

Afferent inputs to the motoneurones

When the movements of a limb activate peripheral
proprioceptive or tactile receptors, which in turn activate
muscle through reflex pathways, a closed-loop feedback
oscillation could in theory occur. Because of its relative
strength and short conduction delay, the principal candidate
would be the spinal stretch reflex. This idea has been
comprehensively investigated for the phenomenon of
physiological tremor during position holding (Lippold,
1970; Joyce & Rack, 1974; Elble & Randall, 1976; Burne et
al. 1984). The frequency of oscillations which would be
sustained has been shown to be dependent on reflex loop
time, so that delay from activation of receptors to peak
mechanical effect on the limb corresponds to roughly one
half-cycle (Stein & Oguzt�oreli, 1976). When computing
reflex loop time, neural conduction delay is important, but it
has also been shown that mechanical factors, principally the
inertia of the moving limb, will crucially affect the
frequency of any reflex-driven oscillations (Prochazka &
Trend, 1988).

For finger movements, the reflex hypothesis has been
investigated extensively with approaches involving recording
of muscle spindle afferents and analysis of responses to
external perturbations applied during movements. It was
concluded that a stretch reflex mechanism could not be a
main factor causing the 8—10 Hz discontinuities in finger
movements, but would theoretically promote oscillations at
lower frequencies (Wessberg & Vallbo, 1995, 1996).

For wrist movements, although the exact patterns of
activation of muscle spindle afferents are presently unknown,
the electro-mechanical delay from electrical activation of
muscle until the limb is accelerated will comprise a
significant part of the loop, placing an upper limit on the
frequency of oscillation which could theoretically be
sustained. Supposing a neural conduction delay in the spinal
stretch reflex of 20 ms (Deschuytere et al. 1976) and the
electro-mechanical delay from motor unit firing to peak
acceleration observed during movements in the present
study, about 70 ms, reflex loop time would be about 90 ms.
For a 90 ms half-cycle time, total cycle time is 180 ms,
corresponding to 5·6 Hz. Hence, according to these

theoretical calculations, a mechanism involving the spinal
stretch reflex could theoretically sustain oscillations below
6 Hz at the wrist joint, but not above. This frequency would
be correspondingly lower for reflexes with longer neural
conduction delays, such as the transcortical stretch reflex.
Hence, it may be concluded that, in theory, reflex feedback
from the periphery may have contributed to the observed
2—4 Hz common modulation of motor units. However, this
issue needs to be further explored in experiments involving
varying the mechanical load on the hand, or perturbations
of the ongoing movement.

Central inputs to the motoneurones

Visual tracking of the kind used in the present study can
promote 2—3 Hz oscillations in wrist and finger movements,
probably by an ongoing updating of the motor command
through a loop involving visual feedback (Navas & Stark,
1968; Vallbo & Wessberg, 1993; McAuley et al. 1999). This
could have contributed to the observed 2—4 Hz common
modulation. It should be possible to resolve this issue in
comparable experiments involving movements made
without visual tracking.

For the 6—12 Hz modulation it should be noted that, while
newly recruited neurones have been demonstrated to fire at
frequencies in the 6—10 Hz range (Freund et al. 1975), this
would not explain the observed common modulation at
6—12 Hz of pairs of motor units, individually firing at
higher rates. The possible central pathways providing the
common input could in theory be either spinal or
supraspinal. Spinal mechanisms include Renshaw inhibition,
although it has been argued that recurrent inhibition will
desynchronise rather than cause correlation of motoneurones
(Windhorst & Kokkoroyiannis, 1992; Maltenfort et al.
1998). For fingers, it has not been determined if the
mechanism providing the modulation is spinal or supraspinal,
but the observed correlation between agonist and antagonist
muscles, as well as the intermittent left—right correlation at
least strongly implies that a significant degree of
supraspinal, possibly cortical, control is present (Wessberg,
1996; McAuley et al. 1999).

The observation of 6—12 Hz modulation of motor output
during wrist movements raises the question whether circa
10 Hz modulation may be a common feature of all slow
movements in man. Velocity modulation at similar
frequencies has recently been described for some eye
movements (McAuley et al. 1999), but circa 10 Hz
modulation should also be sought in other movements
involving limbs with larger inertia. Indeed, this has been
reported for elbow movements (Conway et al. 1997). If circa
10 Hz modulation of motor output is also present at these
joints, this has implications for the hypotheses regarding
why such modulations exist in the human motor system. We
have previously argued that several different reasons may be
sought at different levels in the nervous system. For the low-
inertia fingers, the circa 10 Hz modulation is directly
reflected in the acceleration, which may provide advantages
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for the precise control of finger position in some motor
tasks (Wessberg & Kakuda, 1999), and which means that
proprioceptive feedback is modulated as well (Wessberg &
Vallbo, 1996). For limbs with higher inertia, 10 Hz
modulation of acceleration will be insignificant, and the
possible reason for a modulation of motor output in such
joints must be sought within the central nervous system.
In theory, a coherent pulsatile modulation of the motor
command may bring advantages such as decreased
susceptibility of the command signal to corruption by
extraneous neural noise. Alternatively, the circa 10 Hz
modulation may be the reflection of a temporal organization
of the central circuitry from which the descending signal
originates, without providing any particular advantage per
se at the level of the descending command.

Is the 10 Hz motoneurone modulation specific for

movements?

Wrist motor unit coherence was significantly reduced
during periods of position holding compared to movements.
Indeed, as highlighted in Fig. 4A and B, the prominent
peak around 8—10 Hz sometimes disappeared entirely
during steady maintenance of force during position holding.
Task-dependent change of motor unit synchronization has
previously been described from the cross-correlation
histogram of motor unit pairs in human neck muscles
(Adams et al. 1989), extrinsic hand muscles (Schmied et al.
1993), intrinsic hand muscles (Bremner et al. 1991) and leg
muscles (Gibbs et al. 1995) and in cat neck muscles (Loeb et
al. 1987).

It has been shown that motor units of hand muscles are
coherent at circa 16—32 Hz during maintenance of steady
isometric contractions (Farmer et al. 1993) and that this
coherence is reduced during periods when there is a change
in grip force (Kilner et al. 1999). The 16—32 Hz component
in the present study was much weaker than that reported in
hand muscles. It is possible that this difference between
hand muscles and wrist extensor muscles can be explained
by a larger proportion of direct cortico-spinal projections to
the motoneurone pools for the hand muscles (Farmer et al.
1993). Although weak, it is worth noting that a 16—32 Hz
component in wrist muscles seems to be stronger during
position holding than during movement, suggesting a task-
dependent modulation similar to hand muscles.

Based on earlier findings for human finger movements and
the results reported in the present study, it may be argued
that during movements, the 16—32 Hz modulation of motor
units is supplemented, or even replaced, by a circa 10 Hz
modulation. It may be asked what parameter or aspect of
the motor task would promote the 10 Hz rhythmic
organization of motor units. It is interesting to note that the
normally smooth force profiles in human finger grip tasks
may be replaced by a circa 10 Hz stepwise pattern when the
force is updated, either when subjects are unsure about the
load conditions, or when force is erroneously programmed
(Johansson & Westling, 1988). This suggests that the

important factor promoting the circa 10 Hz input may be
the modification of motor output, both during movements
and isometric tasks.

The exact central mechanism responsible for the 10 Hz
modulation of motor units during movements remains to be
elucidated. The 16—32 Hz modulation of motor units during
steady contractions is due to a modulation of the descending
command from the cortex as demonstrated by direct
recordings in monkeys (Baker et al. 1997) and by
magnetencephalography in humans (Conway et al. 1995;
Salenius et al. 1997; Kilner et al. 1999). Such fast oscillations
of primate motor cortex disappear during the actual
movements (Murthy & Fetz, 1996a,b; Baker et al. 1997;
Donoghue et al. 1998; Kilner et al. 1999). On the other hand,
previous electroencephalographic or magnetencephalo-
graphic recordings have failed to demonstrate a 10 Hz
modulation of cortical activity during movements, although
the type of slow precision task used in the present study
remains to be comprehensively investigated during
recording of the cerebral activity (Salmelin & Hari, 1994;
Kilner et al. 1999). The relation between motor task,
oscillations in motor cortex and common modulation of
motoneurone pools would need to be further addressed in
experiments with a well-controlled task comprising slow
precision movements. It is also possible to speculate that the
cerebellum may be involved in the 10 Hz rhythmicity of
motor output during movements. It has been suggested that
olivo-cerebellar activity is highly rhythmic and time-locked
to movements (Llin�as, 1991; Welsh et al. 1995; Welsh &
Llin�as, 1997).

In conclusion, the present study suggests a circa 10 Hz
pulsatile organization of the motor command to the agonist
motoneurone pool during slow precision movements. The
presence of this component is related to the motor task, but
appears to be independent of the mechanics of the moving
limb.
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